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There are a number of potential schemes for the hybrid integration of laser sources with passive planar optics, including die bonding [6] and pick5and5place [7] technologies. However, these schemes tend to work with modestly sized edge5emitting laser devices with lengths in the 10's to 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60   6 camera. Full details of the setup are given in the supplementary material. The results in figure 1c were captured with the VS detection system. The coupling efficiencies for both test geometries can be calculated using the integrated power measured at the EDM's camera. This signal is then compared with measurements of a set of similar NW lasers printed at the edge of a substrate and imaged directly. For the latter measurements, a number of NWs were printed at the edge of a cleaved SiO 2 substrate. These permitted the direct imaging of their end5facet emission thus allowing the calculation of their emitted optical powers. Full details on the coupling efficiency calculations are given in the supporting information document. The calibration NW lasers were optically excited with a fluence of 38.8 mJ/cm 2 (6.95 :W), (with the pump laser spot being much larger than the cross5 sectional absorption area of the NWs). Under these conditions these were measured to lase with To demonstrate the flexibility and simplicity of the method, a number of other photonic integrated circuit (PIC) components were created. The first of these was a Y5junction power splitter. Here, two NW lasers were integrated in facet coupled arrangement at the two symmetric ports of the splitter and the optical waveguide mode was measured at the single waveguide NWs. Additionally, some asymmetry in the waveguide junction can be observed from the variation of the output waveguide modes from each injection NW laser. For example, Figure 3d shows that the fundamental mode is dominantly coupled to from the top waveguide arm, whilst Figure 3e shows a significant amount of optical power transmitted in the first order mode, Using the lateral coupled NW laser configuration, an alternative method for producing multiplexed signals in a single waveguide can be created. Figure 4a shows an optical micrograph of a waveguide with two NW lasers printed along its length, separated by ~50 :m. This geometry has the potential for integrating many sources together in an extremely compact footprint. The measured lasing emission, captured in the VS, is shown in Figure 4b and 4c. The light imaged at the waveguide facets is shown in Figure 4d and 4e. Estimations of the integrated powers revealed a difference in the values obtained for both NW lasers. Finally, Figure 4f merges the individually measured spectra (at the waveguide's facet) for both integrated NW lasers, showing achievement of two distinct lasing peaks at different wavelengths, at 861 and 882 nm, for the NWs integrated on a single waveguide.
Finally, one of the major benefits in integrating NW laser sources on5chip with planar waveguides is the reduction in alignment accuracy necessary to couple to external systems.
Usually, on5chip waveguides have to be aligned with sub5micron precision to injection fiber or free space optics. In systems based on flexible substrates this makes operation of on5chip devices extremely challenging. In the scheme presented here, the NW laser is aligned with the waveguide devices using the nano5TP method. Therefore, under deformation of a flexible substrate, the coupling between the on5chip elements should not be significantly affected. The NW lasers still require to be optically pumped, but this alignment is far more tolerant to misalignment than coupling to waveguides, as the pump spot can be much larger than the NW laser geometric cross5section, allowing for coarse alignment.
The integrated optical devices presented in this work were fabricated on a flexible glass substrate with a thickness of 30 :m [34] . To demonstrate the robustness of the NW laser to waveguide coupling under mechanical deformation of the system, the setup shown in Figure 4a was used.
The flexible glass substrate was mounted with the output facet end bonded to the edge of a glass slide to keep it fixed in position. The free end of the substrate was deflected in the vertical direction using a mechanical probe tip on a micrometric translation stage. This deflection was converted to an equivalent radius of curvature, ( , assuming a constant bend radius of the flexible substrate. The NW laser was integrated with the waveguide in a facet configuration as shown in Figure 5b . Figure 5c shows the VS image of the NW laser under pumping whilst Figure   5d shows the imaged facet of the waveguide. The integrated waveguide facet power was measured as a function of )*( , where )*( +, corresponds to an un5deflected substrate. Figure 5e shows the relationship between the substrate bending and normalized output power of the waveguide. At each point the pump laser was optimized to produce a maximum measured power, i.e. compensating for vertical misalignment of the pump focus with deflection of the substrate.
There is minimal variation (~5%) in the measured output power, and therefore the coupling efficiency between the NW laser and the waveguide, down to a radius of curvature of 1.6 cm.
This was the limit of our measurements due to mechanical fracture of the substrate for radius below 1.6 cm.
In summary, this work presents the hybrid integration of NW lasers with polymeric waveguide devices on mechanically flexible substrates, including channel waveguides, Y5junctions and multi5wavelength systems. Two integration configurations (facet and lateral coupling) are 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 successfully demonstrated, offering alternative routes to on5chip device design. Coupling efficiency estimations showed that optical power levels in the order of several :Ws (peak power)
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